[1] Summertime precipitation variability in Korea has changed significantly in recent years. To understand how the physical mechanisms of summertime precipitation in Korea vary with climate change, we analyzed observed precipitation records for 1996-2008 in comparison with those for 1979-1995 at 61 Korea Meteorological Administration stations distributed over South Korea. We investigated detailed physical changes by extracting space-time structures of the physical mechanisms from the daily NCEP/NCAR reanalysis data over East Asia via cyclostationary EOF (CSEOF) analysis. Due to the change of low-level circulation patterns in the Asian region, the commencement, duration, and retreat of the East Asian monsoon front has varied significantly over recent years. Specifically, the first peak of the bimodal precipitation pattern in Korea has started earlier and significantly increased in intensity. The second peak has broadened in recent years and the typical seasonal period of decreased precipitation has weakened. The strength of the sub-seasonal component of precipitation has increased in recent years due to the strengthening of meridional circulation between the subtropics and the midlatitudes. A conspicuous change in the vertical structure of the sub-seasonal component is observed in recent records. Increased warm and moist advection from the south and decreased cold and dry advection from the north seem to be the primary reasons for such a change. The high-frequency component of summer precipitation with time scales shorter than 10 days is formed by the baroclinic instability observed in recent years. This component has increased by $25% due primarily to the strengthened dynamic and thermodynamic processes.
Introduction
[2] Precipitation change and its social and economical effects are currently of great practical importance. Groisman et al. [2005] found a widespread increase in the frequency of very heavy precipitation in the midlatitudes during the past 50 to 100 years. Emori and Brown [2005] suggested that a greater increase in global mean water vapor tends to yield a greater global mean thermodynamic increase in extreme precipitation based on model results. Held and Soden [2006] used numerical models to examine changes in the hydrological cycle. Such changes include a decrease in convective mass fluxes, an increase in horizontal moisture transport, associated enhancement of the pattern of evaporation minus precipitation and its temporal variance, and a decrease in the horizontal sensible heat transport in the extratropics. An issue of local importance in recent years is the significant change in local precipitation levels. Extreme precipitation events have been projected to increase, but the cause and the mechanism of increase are not clear. However, global warming, one of the biggest environmental issues in recent years, is generally suspected to be responsible for such changes.
[3] Trenberth [1999] asserted that the enhancement of atmospheric moisture content feeds increased moisture to all weather systems. On a global mean basis, annual mean precipitation is constrained by the energy balance between atmospheric radiative cooling and latent heating, which is expected to limit the mean precipitation increase to be lower than the rate of atmospheric moisture increase [Allen and Ingram, 2002] . On a regional basis, Emori and Brown [2005] showed that areas of extreme changes in precipitation are limited to a few regions. Thus, detailed mechanisms of heavy rainfall need to be examined individually on regional scales. Summertime precipitation variability in Korea has also changed significantly in recent years. In this study, local changes in summer precipitation variability in Korea are investigated.
[4] Korean summertime rainfall, accounting for about three-fourths of the mean yearly precipitation, is primarily 1 caused by Changma, which denotes a rainy period associated with the monsoon front and localized heavy rainfall with convective instability [Lee, 2004] . The Changma front is a quasi-stationary cold front between the continental cold low from the Asian continent and the subtropical high from the western North Pacific [Lee, 2004; Ninomiya and Mizuno, 1987] . Changma is regarded as a local component of the East Asian summer monsoon [Ding, 2004; Wang and Ho, 2002; Tao and Chen, 1987] or, more generally, a part of the Asian summer monsoon [Lim et al., 2002] . In regard to the dynamic and thermodynamic features, summertime precipitation over Korea is characterized by strong baroclinicity even though the atmosphere over Korea is generally thermodynamically neutral. This contrasts with the large convective available potential energy in the central United States of America [Hong, 2004] . Observational records exhibit a strong decadal change in the East Asian summer monsoon. In the current decade, for example, negative correlations between the intensity of the East Asian summer monsoon and that of the western North Pacific summer monsoon are much stronger compared with the last decade [Kwon et al., 2005] .
[5] Kim and Suh [2009] examined the change point and pattern of the annual and heavy rainfall characteristics over South Korea during 1954-2007 using a Bayesian approach. Statistically significant change in the days and the amount of heavy precipitation occurred in approximately 1996 or 1997. In this study, climatological (long-term and/or decadal) change of the seasonal cycle of summertime precipitation in Korea is investigated in the context of the underlying physical mechanisms. Kim et al. [2010] showed that the seasonal cycle of the summertime precipitation variability in Korea consists of three components of distinct physical mechanisms-the seasonal component, the sub-seasonal component, and the high-frequency component. Thus, the physical changes in the seasonal cycle will be compared in the context of three distinct physical mechanisms between the early period, 1979-1995 and the late period, 1996-2008 using the observed precipitation records at 61 Korea Meteorological Administration stations. Detailed physical structures and their changes will be derived from various physical variables of the NCEP/NCAR reanalysis data set using the cyclostationary EOF (CSEOF) technique [Kim et al., 1996; Kim and North, 1997] . The primary goal of this study is to improve our understanding of the impacts of climate change on regional and local physical mechanisms of summer precipitation over the Asian region. This will also help us understand the changes in local summertime precipitation variability in Korea from dynamic and physical viewpoints.
[6] The data used in this study are described in section 2, followed by a description of the analytical tools used, including the CSEOF technique, in section 3. In section 4, results of the analyses are presented with corresponding physical and dynamic interpretations. Concluding remarks are presented in section 5.
Data
[7] Precipitation data in Korea are the daily averaged measurements at 61 Korea Meteorological Association (KMA) stations distributed throughout South Korea ($126
-130 E, $33 -38 N) as shown in Figure 1 . For the present analysis, 120 summer days from May 19 through September 15 spanning 30 years were used. To draw a connection between local precipitation and physical processes over Asia, multilevel 2.5 Â 2.5 daily geopotential height (GPH), temperature, wind, omega velocity (W), and specific humidity fields were taken from the daily NCEP/NCAR reanalysis data set [Kalnay et al., 1996] . Gridded daily NCEP/NCAR precipitation rates are available in the form of a 1.875
Â 94 Gaussian array.
Method of Analysis
[8] The primary reason for utilizing the CSEOF technique [Kim et al., 1996; Kim and North, 1997] is to extract physical evolutions from variables in such a way that they are physically consistent with each other. CSEOF analysis was conducted on the 30-year (1979-2008 : TOT) record of 120-day summer precipitation measurements at 61 KMA stations in Korea:
where LV n (s, t) are CSEOF loading vectors (CSLV), PC n (t) are corresponding principal component (PC) time series, and s denotes the KMA station index (Figure 1 ). Many studies indicated a climate regime shift in approximately 1996 [e.g., Kim and Suh, 2009] . To understand any changes around this shifting point, CSEOF analyses were carried out for the first 17-year (1979 -1995 PRE) record and for the last 13-year (1996 -2008 POS) record.
[9] The nested period was set to be 120 days (1 summer year). To investigate physical processes associated with the summertime precipitation variability in Korea, CSEOF analyses were similarly conducted on key physical variables over the Asian domain (80 -180
[10] Then, regression analysis was conducted on the PC time series of precipitation in Korea (target) and the PC time series of other physical variables over the Asian region (predictors) to construct physical evolutions that are consistent with the physical evolution of precipitation in Korea [Seo and Kim, 2003] . As a result of the CSEOF analysis followed by regression analysis in CSEOF space, data can be written as Data r; t ð Þ ¼ ∑ n P n r; t ð Þ; H n r; t ð Þ; V n r; t ð Þ; …; T n r;
where {P n (r, t), H n (r, t), V n (r, t),…, T n (r, t)} denotes the physical evolutions of various physical variables investigated in the present study. These spatial and temporal patterns of evolutions describe the detailed nature of individual physical processes associated with the variability of precipitation in Korea. The physical consistency of {P n (r, t), H n (r, t), V n (r, t),…, T n (r, t)} is expressed such that all the physical evolutions in curly brackets have a common amplitude time series, PC n (t), whereas physical evolutions in individual variables may not be the same. In fact, {P n (r, t), H n (r, t), V n (r, t),…, T n (r, t)} are physically connected in terms of dynamic and thermodynamic equations governing the physics of each mode.
Results and Discussion
[11] Figure 2 shows the first CSEOF of summertime precipitation in Korea for TOT years, PRE years, and POS years. The solid lines are the loading vectors averaged over the 61 KMA stations. This mode represents the seasonal cycle. The first CSEOF explains $17% of the total variability during TOT years. The amplitude of the seasonal cycle fluctuates annually at approximately 7.71 with a standard deviation of 2.44 (Figure 2d ). Figures 2b and 2c also represent the first CSEOFs of summertime precipitations during PRE and POS years and explain $18% and $20% of total variability, respectively. The amplitude of the seasonal cycle fluctuates annually at approximately 7.77 and 8.66 with standard deviations of 2.93 and 3.93 in PRE and POS years, respectively (Figure 2d ). The amplitude of the seasonal cycle and the standard deviation have increased remarkably in POS years (Table 1) .
[12] Kim et al. [2010] identified three distinct physical mechanisms associated with the seasonal cycle of Korean summertime precipitation variability. The 10-30 day subseasonal component of variability was obtained via bandpass filtering [Newton, 1988] with periods of 10-30 days. Similarly, high-frequency components of variability with periods shorter than 10 days were derived via high-pass filtering with a cut-off period of 10 days. The seasonal component of variability on time scales greater than 30 days was obtained by removing the sub-seasonal and the highfrequency components of variability from the seasonal cycle. Recent changes in the physical mechanisms of the seasonal cycle of precipitation will be addressed in terms of the three components of variability. It should be noted that this study investigates the sub-seasonal and the highfrequency components of variability associated with the seasonal cycle. There may be sub-seasonal and high-frequency variability in higher modes as well, which is not dealt with in the present study.
Seasonal Component of the Seasonal Cycle
[13] The dotted curves in Figures 2a-2c represent the seasonal cycle of summertime precipitation in Korea after removing the sub-seasonal and high-frequency components of variability with time scales shorter than 30 days (hereafter seasonal component). The three figures represent TOT (1979 TOT ( -2008 , PRE (1979 -1995 ), and POS (1996 -2008 observational records, respectively. The seasonal component of summertime precipitation variability based on the entire record is characterized by two main peaks in the first half of July and in the second half of August separated by a period of weakened precipitation; the seasonal evolution in Figure 2a clearly exhibits the bimodal structure [Qian et al., 2002; Chen et al., 2003; Lee et al., 2010; Ho and Kang, 1988] . The first precipitation spell is called Changma in Korea, and is also called Baiu in Japan and Mei-Yu in China. The second spell of precipitation is called the second Changma or post-Changma in Korea [Lim et al., 2002] . Climatologically, the primary rainy period in Korea commences in late June in association with the eastward movement of the Tibetan High and the westward movement of the North Pacific High toward East Asia forming a monsoon trough over the Korean peninsula [Kang et al., 1999] . As the monsoon trough moves further north to the northeast of Asia, the period of weakened precipitation develops over the Korean peninsula in early August. In late August, when the monsoon trough retreats southward to the Korean peninsula, the second Changma starts.
[14] While the seasonal component of summer precipitation in Korea, based on the PRE record, exhibits the typical bimodal characteristics of summer precipitation, the seasonal evolution based on the POS record is different from that based on the PRE record. A comparison between PRE ( Figure 2b ) and POS ( Figure 2c ) data shows that the first spell of precipitation, which typically lasts from July 1 through July 20, appeared earlier in recent records and has increased significantly. The magnitude of the stationaveraged precipitation, on average, has increased from 163 mm to 213 mm during the 20-day (July 1-20) period, which is a 30% increase. The second peak has broadened significantly without a well-developed period of decreased precipitation. The PC time series in Figure 2d [15] To investigate the spatial pattern of the decadal change, the seasonal components of summertime precipitation at 61 KMA stations in Korea (dotted lines in Figure 2 ) for PRE and POS years are shown in Figure 3 . While the bimodal structure is clearly observed at most stations in PRE years ( Figure 3a) , it is not apparent at stations 1-25 in POS years ( Figure 3b ); these stations are located in the northern part of South Korea to the north of $37 N and the western part to the north of $36 N (see Figure 1 ). Excluding stations 11-14 with mountainous geographical characteristics, the seasonal components of precipitation in POS years (solid line) and in PRE years (dotted line) were compared between stations 1-25 and stations 26-61 in Figure 4 . In the far-northern and the mid-western parts of South Korea, the seasonal component of summertime precipitation has only one peak in early August in POS years, while the bimodal structure is apparent in PRE years. By contrast, in the southern part of South Korea, the bimodal structures of precipitation are observed in both PRE and POS years, although the peaks appear earlier in POS years. Additionally, the first peak tends to be stronger in POS years.
[16] Figure 5 shows the zonal-averaged (125 -130 E) evolution of the 700-hPa vertical velocities at four different latitudes (32.5 -40 N at 2.5 interval) in the seasonal component. The evolution of vertical velocity in the seasonal component depicts two peaks in PRE years, although the timings of the maxima differ with latitude; this evolution is associated with the migration of the monsoon precipitation band [Lim et al., 2002; Qian et al., 2002; Qian and Lee, 2000; Lau et al., 1988] . However, the bimodal patterns are not clearly observed in the seasonal evolutions of the 700-hPa vertical velocities except at 32.5 N (black solid line) in POS years. The maximum peak of the seasonal evolution of the 700-hPa vertical velocity appears in early August to the north of $37 N in POS years. [17] To understand the detailed decadal change of the Korean summertime precipitation, physical patterns are shown for the first spell of precipitation (Figure 6 ), the period of decreased precipitation (Figure 7) , and the second spell of precipitation (Figure 8 ), which represent the three important periods of summertime precipitation variability in Korea. We selected three days-July 1, August 1, and August 26. July 1 is the day of maximum precipitation in POS years, which is about 10 days earlier than the day of maximum precipitation in PRE years. This date was selected in order to explain the physical condition associated with the early development of summer precipitation in Korea. August 1 is the day of minimum precipitation between the two peaks in PRE years, which is no longer seen clearly in recent years. August 26 is the day of maximum precipitation in PRE years, which is called the second (or post) Changma in Korea. In POS years, the second precipitation spell has no prominent peak. These particular dates were chosen to elucidate any physical changes between the two periods. Comparisons of the physical conditions associated with the seasonal component between the PRE and the POS records were done on specific calendar days so that difference in the days of comparison does not obscure true physical differences in the seasonal cycle; insolation, a major driving force for the monsoon system, is virtually phase locked and the physical conditions in the ocean and the atmosphere vary with time.
[18] Figure 6 shows the patterns of the physical conditions on July 1, which marks the peak stage of the first spell of precipitation in the seasonal component in POS years. In Figures 6a and 6e, low-level moisture convergence/ divergence around the Korean Peninsula in POS years is much stronger than in PRE years. The location of the moisture convergence band over the Korean Peninsula in POS years is shifted slightly northward relative to that in PRE years. This is consistent with the observation that the first peak of precipitation appears earlier and has increased in intensity in recent years. A stronger moisture convergence in POS years can be explained in terms of the change in the low-level circulation and the resulting moisture transport (Figures 6c and 6g) . A stronger pressure contrast between the Asian continent and the ocean induces stronger southwesterly anomalies along the eastern side of the Asian continent, which, in turn, increases moisture convergence over the East Asian countries; warm advection and moisture convergence over Korea by the southwesterly anomaly are regarded as the typical pattern of the East Asian summer monsoon front. The fact that the positive 850-hPa GPH anomaly to the south of Korea is relatively closer to Korea in POS years explains the observation that the first Changma starts earlier in POS years.
[19] Meanwhile, patterns of 500-hPa GPH and wind in PRE and POS years are similar to each other as shown in Figures 6b and 6f . The meridional pressure gradient over the Korean peninsula, however, is stronger in PRE years; increased baroclinic instability associated with a stronger 500-hPa GPH gradient over Korea in PRE years leads to a stronger upward motion. Relatively strong upward motion over Korea is clearly observed at approximately 500 hPa in the meridional vertical section (Figures 6d and 6h) . Despite slightly decreased upper-level upward motion over Korea in POS years, relatively strong low-level convergence suggests increased precipitation in POS years.
[20] A remarkable change in physical structures associated with the seasonal component of precipitation is also observed in early August. Figures 7a-7d represent the August 1 physical condition during the period of decreased precipitation in PRE years, whereas Figures 7e-7h describe the physical condition on the same day in POS years. The pressure gradient between the Asian continent and the surrounding oceans is no longer strong enough to support the southwesterly anomalies along the east coast of the Asian continent. Instead, low-level (925 hPa) easterly and southeasterly anomalies develop in conjunction with the positive GPH anomalies to the east of Korea and negative GPH anomalies to the south of Korea (Figures 7a and 7e) . In POS years, the positive GPH anomaly to the east of Korea was located closer to the Korean Peninsula; as a result, stronger southerly anomalies were induced toward the Korean peninsula than in PRE years. Increased warm advection and moisture advection toward Korea by the stronger low-level southerly anomaly (comparison between Figures 7a and 7e ) enhances convective instability of the atmosphere in POS years as a comparison between Figures 7d and 7h shows.
[21] Figures 7c and 7g show a zonal band of 500-hPa positive vertical velocity anomalies at $15 N, a band of negative vertical velocity anomalies at $25 N, and a band of positive vertical velocity anomalies at $35 N; these are aligned in the meridional direction in the zonal band of 110 -130 E. It appears that an enhanced upward motion in the tropics ($10 -15 N) produced by strong convective instability induces upper-level divergence and low-level convergence. As a result, a downward motion is induced in the subtropics ($20 -25 N) with upper-level convergence and lower-level divergence. Nitta [1987] , in his observational study, showed that an anticyclonic circulation associated with strong convective motions in low latitudes (15 -20 N) of the western Pacific is highly correlated with a circulation of opposite sign to the north. Then, an upward motion is induced in the midlatitudes ($30 -35 N) . In this way, meridionally oscillating patterns of 500-hPa vertical velocities appear over the western North Pacific (Figures 7c  and 7g) . Similarly, oscillating patterns of relative vorticity anomalies in the meridional direction are observed at 500 hPa (Figures 7b and 7f) . The centers of these oscillation patterns are located closer to the Asian continent in POS years than in PRE years ( Figures 7b and 7c and Figures 7f  and 7g) . As a result, stronger negative relative vorticity and positive vertical velocity anomalies are observed over Korea in POS years than in PRE years (Figures 7b, 7d, 7f  and 7h ). In addition, Korea is located at the rear right of the entrance region of the upper-level jet (Figures 7b  and 7f) . Korea is closer to the entrance region of the jet in POS years, which suggests that upper-level divergence becomes stronger in POS years [Bluestein, 1993; Keyser and Shapiro, 1986] . The role of the secondary circulation around the upper level jet in regard to summertime heavy rainfall in Korea has been studied in many case studies [Lee et al., 2008 ]. Thus, relatively active convective motions are observed over Korea in POS years due to stronger low-level south wind anomalies, more active convective motion in the tropics, and the enhanced secondary circulation near the entrance of the upper-level jet. For these reasons, a period of decreased precipitation is not clearly observed in POS years.
[22] Figure 8 shows the physical patterns on August 26; this figure represents the period of the second rainy spell caused by the reversal of the pressure gradient between the continent and the ocean [Lim et al., 2002] . A positive 925-hPa GPH anomaly is observed over the Asian continent and a negative GPH anomaly is observed over the southwestern North Pacific (Figures 8a and 8e ), resulting in a strong pressure gradient between the two. Despite a weaker pressure gradient at 925 hPa, the easterly anomaly over Korea is stronger in PRE years. The location of a negative GPH anomaly is partly responsible for stronger easterly anomaly in PRE years. Specifically, the center of positive vertical velocity in the tropics ($15 -20 N) is located at $130 E in PRE years ( Figure 8c ) whereas it is located at $140 E in POS years ( Figure 8g) ; as a result of this locational difference, stronger vertical velocity is induced over Korea in PRE years, as shown in the meridional vertical cross section (Figures 8d and 8h ). In addition, the upper-level jet over Korea in PRE years is also stronger, inducing stronger upper-level divergence than in POS years. These physical conditions on August 26 explain the clear second spell of precipitation in PRE years, while the second spell of precipitation in recent years is broader and weaker, as a comparison between Figures 2b and 2c shows.
[23] Figure 9 shows the zonal-averaged (125 -130 E) evolutions of the 500-hPa vertical velocity in the seasonal component. The positive 500-hPa vertical velocity anomaly in POS years migrates from $27 N in early June to $32 N in early July, which corresponds to the initiation of the first Changma in Korea. In POS years, the positive vertical velocity anomaly arrives in Korea earlier and the strength is greater than in PRE years. Compared with the PRE years, this frontal band has also broadened in August without a significant weakening, particularly in the northern part of Korea. As mentioned above, bands of vertical velocity anomalies with alternating signs are observed in the meridional direction. A north-south pair of positive vertical velocity anomalies separated by a negative velocity anomaly is clearly observed from early August to late August in PRE years and from mid-July to mid-August in POS years. In fact, the 500-hPa positive vertical velocity anomaly at (127.5 E, 35 N) is positively correlated at over 0.8 with a low-latitudinal counterpart at (125 E, 10-15 N) during the period of active convections (July 16 to August 15) in POS years. In PRE years, this correlation is over 0.9 during the period of August 1 to August 31. Thus, the climatological variation of the seasonal component of summertime precipitation variability in Korea appears to be correlated with the tropical variability of convection.
Sub-seasonal Component of the Seasonal Cycle
[24] Figure 10 represents the 10-30-day band-pass filtered and zonally averaged (127.5
-130 E) precipitation and lowlevel moisture convergence anomalies from the seasonal cycle in PRE years ( Figure 10a ) and in POS years ( Figure 10c ). The sub-seasonal component of the seasonal cycle of Korean summertime precipitation variability based on the measurements at 61 KMA stations is reasonably similar to that derived from the NCEP/NCAR reanalysis data; the sub-seasonal component of the NCEP/NCAR precipitation averaged within the two vertical dotted lines (Figures 10a and 10c) is correlated with coefficients of 0.61 and 0.81 with that of the KMA precipitation in PRE years and in POS years (Figures 10b and 10d) , respectively. Anomalies with alternating signs appear to propagate northward with an averaged period of $15 days in PRE years and $13 days in POS years [e.g., Wang et al., 2007] . It should be noted, however, that the impact of these seemingly northward propagating oscillations is limited to the southern part of South Korea (Figure 10) .
[25] Sub-seasonal oscillations of precipitation and moisture convergence are not conspicuous throughout the entire 120-day period. In PRE years, sub-seasonal oscillations between approximately 10 N and 30 N are not clearly observed, except for from late August through early September. Instead, seemingly southward propagation from $40 N to $30 N appears in mid-July, which is the period of relatively active sub-seasonal precipitation in Korea in PRE years. Sub-seasonal oscillations are active from midJuly to mid-August in POS years; the magnitudes of the precipitation and the low-level moisture convergence in the Asian domain are almost doubled in POS years compared with PRE years. Figure 7 . August 1 patterns of the seasonal evolution of (a and e) 925-hPa moisture convergence (shaded at 1 Â 10 À8 kg/kg/sec intervals) and GPH anomalies (contoured at 3 gpm interval) and wind anomalies >1 m/sec, (b and f) 500-hPa relative vorticity anomalies (contoured at 1 Â 10 À5 sec À1 interval) and 200-hPa zonal wind ≥ 25 m/sec (shaded at 5 m/sec intervals), (c and g) 500-hPa vertical velocity anomalies (contoured at 1 Â 10 À2 Pa/sec), wind anomalies >1 m/sec (vector), and (d and h) vertical meridional sections of moisture convergence (shaded at 1 Â 10 À8 kg/kg/sec), vertical velocity anomalies (contoured at 1 Â 10 À2 Pa/sec), and wind anomalies >1 m/sec along 125 -130 E. The vertical component of wind has been scaled up by a factor of 100. [26] Figure 11 represents the positive composite fields associated with the sub-seasonal component of the seasonal cycle. A positive composite pattern is defined by
where LVP f (r, t) denotes the sub-seasonal evolution of a predictor variable and P f (t) is the sub-seasonal evolution of the summertime precipitation over Korea (Figures 10b  and 10d ). Equation (3) is essentially a weighted average of LVP f (r, t) with respect to the weight P f (t). Note in (3) that LVP f (r, t) is averaged only when P f (t) > a mm/day and the threshold value a is 0.122 and 0.131 mm/day for PRE years and POS years, respectively; these threshold values are taken to be a half of the respective standard deviations. Negative composite patterns can be obtained in a similar manner (not shown).
[27] During the positive phase of the sub-seasonal precipitation anomalies, oscillating patterns of GPH anomalies are observed at 200 hPa along $40 N and corresponding anomalies of the same sign are observed between $110 E and 170 E at 850 hPa along $40 N (Figures 11a, 11b , 11e, and 11f). The seemingly northward propagation in Figure 10 seems to represent oscillations of meridional circulation cells due to nearly standing oscillations of midlatitude disturbances aloft (Figures 11b and 11f) , as also addressed by Kim et al. [2010] . The origin of the 200-hPa GPH anomalies at $40 N is not clear but appears to be related to the typical midlatitude baroclinic waves [Holton, 1992] . A negative 850 hPa GPH anomaly is observed to extend from the northeast of Korea ($45 -50 N) to the southwest of Korea ($25 -30 N) in Figures 11a and 11e . Such a structure is reminiscent of a typical synoptic-scale background related to summertime heavy rainfall events in Korea addressed in previous case studies [e.g., Lee et al., 2008; Kim and Lee, 2006; Hong, 2004; Ninomiya, 2001 Ninomiya, , 2000 Ninomiya and Mizuno, 1987] . noted in a study of 10 heavy rainfall cases over Korea that a favorable synoptic background for heavy rainfall consists of warm advection from the south and cold advection from northern China or Manchuria. As a result of this configuration, strong baroclinicity builds up over the Korean Peninsula and its vicinity. Warm advection to the east of Korea and cold advection to the west of Korea in conjunction with the negative GPH anomaly residing over Korea (Figures 11a and 11e ) produce a favorable synoptic background for heavy rainfall.
[28] In PRE yeas, a positive 850-hPa specific humidity (SHUM) anomaly with a southwesterly wind anomaly covers Korea and Japan. A negative SHUM anomaly appears to the northwest of Korea with a northerly anomaly (Figure 11a ). The zonal vertical section (32.5 -40 N) shows that strong baroclinicity builds up over Korea due to cold advection from the northeast and warm advection from the southwest (Figures 11c and 11d) . Cold advection from a shortwave trough to the north of Korea and warm advection from the south with the supply of warm moist air constitute an important mechanism of sub-seasonal variability from late June through mid-July. In POS years, warm advection is relatively strong because of the increased pressure gradient to the south of Korea (Figures 11e and 11h) . Considering that the active period of the sub-seasonal fluctuation is later in POS years than in PRE years (see Figure 10) , positive GPH anomalies to the southeast of Korea are relatively strong and are shifted further northward in POS years; this results in stronger warm advection in POS years. On the other hand, cold advection is relatively weak. The zonal cross section 32.5 -40 N) clearly shows a barotropic structure in POS years ( Figure 11g ). Figures 11c and 11g suggest that the atmosphere is more barotropic than baroclinic because of increased warm advection and decreased cold advection in recent years (Figures 11d and 11h) . As a result, convective (barotropic) instability increases and is an important mechanism of the sub-seasonal variability in POS years.
High-Frequency Component of the Seasonal Cycle
[29] To investigate any physical change in the highfrequency component of precipitation variability, high-pass filtering was conducted on the seasonal cycle using a 10-day cutoff period. Figure 12 shows the 10-day high-pass filtered precipitation in comparison with the high-pass filtered upper-level (200-to 600-hPa) GPH anomalies and low-level (850-to 1000-hPa) moisture convergence anomalies at (130 E, 37.5 N) over Korea. Relatively strong upper-level GPH anomalies appear in late May through early July in PRE years and in early July through mid-August in POS years. Low-level moisture convergence is relatively strong in early June and early September in PRE years. In POS years, on the other hand, low-level moisture convergence is relatively strong in late June and in August. There seems to be a reasonable level of physical consistency between the high-frequency component of precipitation variability, derived from both the gauge data and the upper-level GPH anomalies, and the low-level moisture convergence anomalies, derived from the NCEP/NCAR reanalysis data. The latter variables are both correlated with the precipitation anomalies with a coefficient of $0.6. The magnitude of the high-frequency component of precipitation variability in Korea has increased by $25% in POS years. Such an increase suggests that dynamic and thermodynamic processes have been enhanced in POS years, particularly in early July through mid-August.
[30] Figure 13 shows the positive composite maps of the high-frequency component of variability. Negative GPH anomalies over Korea and positive GPH anomalies to the east of Korea at the 850-hPa level (Figure 13a ) are shifted eastward from the corresponding GPH anomalies at the 300-hPa level, forming westward tilt of GPH anomalies with elevation in PRE years (Figure 13b ). Upper-level divergence over Korea is clearly observed in the vertical zonal section (Figure 13b ). This structure indicates that baroclinic waves are a dominant ingredient for the high-frequency variability of precipitation with periods of approximately 6-8 days in Korea. In POS years, composite patterns are similar to those of PRE years. While a baroclinic structure is also observed in the vertical section (Figure 13d ), 850-hPa negative GPH anomalies over Korea are much stronger in POS years. As a result, stronger south and southwest wind anomalies, which result from a shortwave trough over Korea and a ridge to the east of Korea, increase the transport of warm and moist air into Korea in POS years; this explains the strengthened upward motion in POS years at $130 E (Figure 13d ). In the meridional vertical cross section, upward motion is also observed to be stronger in POS years (figure not shown).
Summary and Concluding Remarks
[31] The level of summertime precipitation in Korea has changed significantly in recent years, with frequent occurrences of very heavy rainfall. The total amount of precipitation seems to have increased by approximately 25% in the recent decade compared with the climatology preceding 2000. In this study, the recent decadal change in precipitation has been investigated in the context of the underlying physical mechanisms.
[32] The seasonal cycle of summertime precipitation in Korea, the first CSEOF mode, consists of three physical components-the seasonal (>30 days), the sub-seasonal (10-30 days), and the high-frequency (<10 days) evolutions-with distinct physical mechanisms and time scales. The bimodal pattern of precipitation and the associated dynamic and thermodynamic patterns in the seasonalscale variability are associated with the temporally varying pressure contrast between the Asian continent and the surrounding oceans. It appears that the first peak has increased by more than 25% and tends to appear earlier in recent years; this is due to the change in low-level circulation, which transports more moisture during the mature stage of the Asian summer monsoon. As a result, commencement of the East Asian monsoon front occurred earlier and the associated low-level moisture convergence strengthened in POS years.
[33] The typical spell of decreased precipitation is not clear in POS years because of the strengthened convective activity over Korea. The increased convective activity is due to the strengthened low-level southerly anomalies. In addition, both active convective motion in the subtropics and the increased divergence near the entrance of the upper-level jet seem to facilitate convective activity over Korea.
[34] During the period of the post-Changma, convective activities over Korea have weakened in recent years. This is because the negative pressure anomaly over the northwestern Pacific has retreated further to the east; as a result, moisture convergence over Korea is much weaker. This retreat of the lower pressure center is also observed in the weakened convective activity in the subtropics along $130 E. As a result, the second peak has broadened without a well-developed period of decreased precipitation in POS years.
[35] The sub-seasonal variability with 10-30-day time scales describes alternating signs of precipitation seemingly propagating northward from $20 N with an average period of $15 days in PRE years and $13 days in POS years. The sub-seasonal component of variability exhibits a substantial increase in strength in POS years. Relatively strong subseasonal activities occur in late June through mid-July in PRE years, in contrast to later activities in August through mid-September in POS years. This difference in timing suggests that cold advection is more important in PRE years than in POS years, whereas warm advection is more important in POS years than in PRE years.
[36] Fluctuation of cold advection induced by the shortwaves to the northeast of Korea appears to modulate baroclinic instability over Korea. Fluctuation of warm advection by low-level southerly winds, on the other hand, seems to modulate convective instability over Korea. Convective instability, as indicated by the nearly barotropic structure of the atmosphere, is much stronger throughout the summer in recent years; as a result, the magnitude of subseasonal variability has significantly increased in POS years. [37] The high-frequency component of precipitation formed by the baroclinic waves and their instability [Kim et al., 2010] remains nearly the same in its physical structures between PRE years and POS years. The magnitude, however, has increased by approximately 25%; this implies that dynamic and thermodynamic processes leading to baroclinic instability have strengthened in POS years.
[38] Due to a significant change in the heat distribution between the continent and the oceans, the seasonal cycle of the Asian summer monsoon has strengthened by approximately 25% in recent years. Due to the enhancement of the Asian summer monsoon, more moisture is transported to northeastern countries, including Korea, Japan, and eastern China. As a result, East Asian regional monsoons, on average, have become stronger in the last decade. According to the results of this study, changes in the summertime precipitation pattern in Korea are not just a matter of local interest but may have a much broader impact. 
